High-density lipoproteins (HDLs) have multiple beneficial and potentially cardioprotective effects, including those on reverse cholesterol transport, inflammation, and oxidative stress.^[@R1]^ However, several therapies targeting HDL have yielded disappointing results in recent years.^[@R2]--[@R5]^ This apparent discrepancy could be potentially because of differential clinical responses to such medications based on patients' genetic profiles. We have indeed shown recently that dalcetrapib effects on cardiovascular outcomes are determined by polymorphisms in the adenylate cyclase isoform 9 (*ADCY9*) gene.^[@R6],[@R7]^ Dalcetrapib is an inhibitor of the cholesteryl ester transfer protein (CETP), which mediates the transfer of cholesteryl esters from HDL to apolipoprotein B--containing lipoproteins.^[@R8]^ CETP inhibitors have been shown to raise the plasma level of high-sensitivity C-reactive protein (hs-CRP), a biomarker of systemic inflammation.^[@R5],[@R9],[@R10]^ This small but significant increase in hs-CRP was unexpected in light of the anti-inflammatory properties of HDL particles.^[@R11]^ Whether this effect is generalized or limited to a subset of patients with particular characteristics is unknown. Modulation of inflammation could in turn alter drug-induced changes in HDL functions (including cholesterol mobilization), atherosclerosis, and cardiovascular outcomes.^[@R12],[@R13]^

**Clinical Perspective on p 348**

The ability of HDL to efflux cholesterol from macrophages has been shown to predict the presence of coronary artery disease and incident cardiovascular events, rather than and independently of the plasma level of HDL cholesterol.^[@R14],[@R15]^ Demonstration of genotype-dependent effects of dalcetrapib on inflammation and cholesterol mobilization would greatly strengthen the observation of the large genetically based differences in atherosclerotic cardiovascular outcomes induced by this therapy.^[@R6]^ Accordingly, we measured hs-CRP and cholesterol efflux in the dal-OUTCOMES and dal-PLAQUE-2 pharmacogenomic studies, respectively. We also evaluated the safety and tolerability profile of dalcetrapib according to patient genotype at polymorphism rs1967309 in the *ADCY9* gene.

Methods
=======

The dal-OUTCOMES Trial
----------------------

The dal-OUTCOMES study was a phase 3 clinical trial of 15 871 participants designed to test the safety and cardiovascular efficacy of the CETP inhibitor dalcetrapib (F. Hoffman-La Roche).^[@R5]^ To be eligible, patients needed to be aged ≥45 years; provide written informed consent; be hospitalized with an acute coronary syndrome defined either as elevated cardiac biomarkers with symptoms of acute myocardial ischemia, new or presumed new ischemic electrocardiographic abnormalities, or loss of viable myocardium based on imaging; symptoms of acute myocardial ischemia in the absence of elevated cardiac biomarkers if accompanied by new or presumed new ECG changes and additional evidence of obstructive coronary disease; or myocardial infarction associated with percutaneous coronary intervention. Patients with serum triglycerides ≥400 mg/dL were excluded; other exclusion criteria have been previously described.^[@R5]^ Eligible patients who were clinically stable 4 to 12 weeks after this recent acute coronary syndrome were randomly assigned to receive dalcetrapib 600 mg daily or placebo in a 1:1 ratio, in addition to evidence-based medical care. Cardiovascular events were adjudicated by an independent clinical end point committee. Dalcetrapib's safety and tolerability were evaluated through regular patient visits and systematic query of all patients concerning any side effect, as well as review of adverse events, physical examinations, and laboratory abnormalities. As previously described, 6338 patients were recruited at 461 sites in 14 countries and provided written informed consent to participate in the pharmacogenomic study of the dal-OUTCOMES trial.^[@R6]^ DNA was extracted from whole blood. After genomic data cleanup, samples from 5749 Caucasian patients were used in the genetic analysis. Plasma was collected at baseline, 3 months of follow-up, and end of trial and frozen at −80°C. Patients included in the hs-CRP analysis needed to have baseline and at least one postbaseline hs-CRP measurements.

The dal-PLAQUE-2 Trial
----------------------

The dal-PLAQUE-2 study^[@R6]^ was a phase 3b multicenter, double-blind, randomized, placebo-controlled, parallel group trial designed to assess the effect of dalcetrapib on atherosclerotic disease progression in 931 patients with evidence of coronary artery disease and carotid intima--media thickness of at least 0.65 mm in the far wall of the common carotid arteries, as assessed by ultrasonography at baseline. As previously described, participants were randomized to receive dalcetrapib 600 mg daily or matching placebo until they returned for follow-up carotid imaging at 12 months. Among the 411 participants in the dal-PLAQUE-2 trial who consented to the genetic study, 386 had serial imaging measures (194 and 192 in the dalcetrapib and placebo arms, respectively). DNA was extracted from whole blood. An additional specific consent form was signed by 171 patients who accepted to participate in the biomarkers (cholesterol efflux) substudy. Plasma was collected at baseline and at 12 months and frozen at −80°C. The research protocols were approved by the relevant institutional review boards or ethics committees, and all participants gave written informed consent.

Genotyping
----------

Single nucleotide polymorphism rs1967309 in the *ADCY9* gene was genotyped using the Illumina Infinium HumanOmni2.5Exome-8v1_A BeadChip in dal-OUTCOMES and a Sequenom panel for dal-PLAQUE-2 samples as previously described.^[@R6]^ The rs1967309 variant was distributed according to Hardy--Weinberg proportions (*P*\>0.05) in both populations.

Biomarker Measurements
----------------------

All biomarker measurements were made without knowledge of genotypes. hs-CRP concentration in serum was assessed by immunonephelometry using a BNII analyzer (Dade Behring, Deerfield, IL).

In samples from 171 patients of the dal-PLAQUE-2 trial, cholesterol efflux capacity was measured in vitro with J774 macrophages (treated with cAMP) grown for 24 hours in presence of tritiated (^3^H) cholesterol. After equilibration during 18 hours, cholesterol efflux was initiated by adding individual patient's serum (depleted of apolipoprotein B--containing lipoproteins with PEG6000) or control serum in triplicate wells for 4 hours. The concentration of patient's serum tested was carefully selected from dose--response curves obtained from pooled human plasma to avoid saturation of the efflux signal and to allow measuring both increases and decreases. Tritiated cholesterol counts were measured in aliquots of cell-free culture medium and J774 cell homogenates with a beta counter (Tricarb, Perkin-Elmer). Cholesterol efflux capacity was defined as the fraction of ^3^H-cholesterol found in the medium relative to the total cholesterol label in each well. Each sample batch was tested in parallel with the same pool of normolipidemic serum to calculate the sample/control ratio. Control serum cholesterol efflux capacity values needed to be within the limits defined by the historical mean±2SD.

Statistical Analysis
--------------------

Baseline and safety data are reported using descriptive statistics. hs-CRP and cholesterol efflux were analyzed as changes from baseline using a general linear model. A log transformation was applied to hs-CRP because of skewed distribution. Differences between dalcetrapib and placebo groups were, therefore, described through placebo-adjusted geometric mean percent change. The geometric mean is obtained by the antilog of mean of the log-transformed data. Placebo-adjusted geometric mean percent change at the time point *t* was calculated as \[(geometric mean for change at *t* with dalcetrapib−geometric mean for change at *t* with placebo)/geometric mean for change at *t* with placebo\]×100. The 1-degree of freedom additive genetic test was used to test for association of rs1967309 with cholesterol efflux, whereas the 2-degree of freedom genetic test was used for hs-CRP because of the nonlinear effect of rs1967309 genotypes on hs-CRP or by pairwise testing between genotypes as specified. All tests were 2-sided and conducted at the 0.05 significance level. Statistical analyses were performed using SAS statistical software version 9.4 (SAS Institute Inc, Cary, NC).

Results
=======

Characteristics of the Study Populations
----------------------------------------

The patient flows in the studies are depicted in Figure [1](#F1){ref-type="fig"}. Baseline characteristics of the study participants were well balanced among study groups (Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}). Characteristics of participants included in the current analysis were similar to those of patients involved in the global studies (Table I in the [Data Supplement](http://circgenetics.ahajournals.org/lookup/suppl/doi:10.1161/CIRCGENETICS.116.001405/-/DC1)). Baseline characteristics segregated by genotype group are presented in Tables II and III in the [Data Supplement](http://circgenetics.ahajournals.org/lookup/suppl/doi:10.1161/CIRCGENETICS.116.001405/-/DC1).

###### 

Demographics of the dal-OUTCOMES Population
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###### 

Demographics of the dal-PLAQUE-2 Population
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![**A**, Flow diagram of dal-OUTCOMES. **B**, Flow diagram of dal-PLAQUE-2.](hcg-9-340-g003){#F1}

C-Reactive Protein
------------------

Geometric mean hs-CRP concentrations at baseline were 1.7, 1.6, and 1.6 mg/L for patients with the GG, AG, and AA genotypes, respectively, in dal-OUTCOMES (n=5364). Treatment with dalcetrapib resulted in placebo-adjusted geometric mean percent increases in hs-CRP from baseline to end of trial of 18.1% (*P*=0.0009) and 18.7% (*P*=0.00001) in participants with the GG and AG genotypes, respectively, but the change was −1.0% (*P*=0.89) in those with the AA genotype (Table [3](#T3){ref-type="table"}). This decrease in placebo-adjusted geometric mean percent change in hs-CRP with dalcetrapib in patients with the AA genotype was significantly different from the increase observed in those with the AG genotype (*P*=0.03). There was also a significant statistical interaction between the treatment arm and the genotype groups on change in hs-CRP (log scale; *P*=0.02; interaction term in the linear model).

###### 

hs-CRP in dal-OUTCOMES

![](hcg-9-340-g004)

At 36 months, placebo-adjusted geometric mean percent changes with dalcetrapib were 17.7% (*P*=0.02), 20.4% (*P*=0.002), and −9.7% (*P*=0.34) for the GG, AG, and AA genotypes, respectively (Figure [2](#F2){ref-type="fig"}). Similar directional results were observed at 3 and 24 months, as detailed in Table [3](#T3){ref-type="table"} and Figure [2](#F2){ref-type="fig"}.

![Placebo-adjusted geometric mean percent change from baseline in hs-CRP for the 3-month, 24-month, 36-month, and end of trial hs-CRP measures in dal-OUTCOMES for each genotype of rs1967309 in the *ADCY9* gene. *P* values for dalcetrapib versus placebo differences in change in log-transformed hs-CRP between baseline and time point are shown. hs-CRP indicates high-sensitivity C-reactive protein.](hcg-9-340-g005){#F2}

Cholesterol Efflux Capacity of Serum HDL
----------------------------------------

Although the mean change in cholesterol efflux from baseline to 12 months was similar between study arms in dal-PLAQUE-2 patients with the GG genotype (7.8±18.0% and 7.4±10.8%; *P*=0.93), increases were 22.3±22.3% and 3.5±12.3% with dalcetrapib and placebo for those with the AA genotype (*P*=0.005; Table [4](#T4){ref-type="table"}). Increases in efflux were 7.8±18.0%, 12.9±16.9%, and 22.3±22.3% with dalcetrapib in participants with the GG, AG, and AA genotypes, respectively; when testing for an additive genetic effect of the A allele at rs1967309 on change in cholesterol efflux within study arms, we saw a significant association with increased efflux in the dalcetrapib arm (*P*=0.02; Figure [3](#F3){ref-type="fig"}), but not in the placebo group.

###### 

Cholesterol Efflux in dal-PLAQUE-2

![](hcg-9-340-g006)

![Global cholesterol efflux percent change from baseline to 12 months by treatment arm and for each genotype of rs1967309 in the *ADCY9* gene in the dal-PLAQUE-2 population. Showing mean percent change±standard error. \* indicates *P* values \<0.05 for dalcetrapib versus placebo differences in percent change in cholesterol efflux between baseline and 12 months. NS indicates not significant.](hcg-9-340-g007){#F3}

Safety Profile
--------------

Dalcetrapib was well tolerated irrespective of genotype (Table [5](#T5){ref-type="table"}). Gastrointestinal side effects were reported in 26.4%, 25.1%, and 23.3% of participants with the GG, AG, and AA genotypes in the placebo group and in 30.2%, 30.9%, and 30.5% of participants in the dalcetrapib group, respectively. Diarrhea occurred in 6.1%, 4.8%, and 5.0% of patients in the placebo group with the GG, AG, and AA genotypes, respectively, and in 7.3%, 8.4%, and 9.7% of participants in the dalcetrapib group. The rates of treatment discontinuation because of diarrhea were 1.0%, 1.6%, and 2.3% in patients with the 3 genotypes in the dalcetrapib group. Hypertension was reported as an adverse event in 9.1% and 10.0% of patients with the GG genotype in the placebo and dalcetrapib groups, 8.4% and 9.2% with the AG genotype in the placebo and dalcetrapib groups, and 10.3% and 9.5% of participants with the AA genotype for placebo and dalcetrapib groups, respectively. Systolic blood pressure was increased by 0.0 and 0.7 mm Hg after 3 months of treatment with placebo and dalcetrapib, respectively, in patients with the GG genotype, 1.2 and 1.1 mm Hg for those with the AG genotype, and 1.0 and 0.9 mm Hg with the AA genotype, without a genetic effect (*P*\>0.05; Table [6](#T6){ref-type="table"}).
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Adverse and Serious Adverse Events by Treatment and by rs1967309 Genotype in dal-OUTCOMES
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###### 

Systolic and Diastolic Blood Pressure Changes by Treatment and by rs1967309 Genotype in dal-OUTCOMES
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Discussion
==========

The *ADCY9* gene rs1967309 genotype-dependent effects of dalcetrapib on hs-CRP and cholesterol efflux from macrophages are supportive of its effects on cardiovascular outcomes and atherosclerosis. Although patients with the AA genotype benefited from a significant reduction in cardiovascular events when treated with dalcetrapib compared with placebo, heterozygous patients (AG genotype) had an intermediate response, and those with the GG genotype were exposed to an increase in risk.^[@R6]^ This is concordant with the increase of 18% in hs-CRP and lack of improvement in cholesterol efflux capacity of HDL with dalcetrapib when compared with placebo in patients with the GG genotype.

We have shown that dalcetrapib reduced clinical cardiovascular events by 39% compared with placebo and induced carotid atherosclerosis regression in patients with the AA genotype at polymorphism rs1967309.^[@R6]^ This contrasts with the failure of torcetrapib and evacetrapib, as well as that of dalcetrapib in GG patients.^[@R4],[@R6],[@R16]^ Interestingly, CETP inhibitors have been shown to raise the level of hs-CRP.^[@R5],[@R9],[@R10]^ This is surprising given the effects of CETP inhibition on HDL and the known anti-inflammatory properties of these particles.^[@R11]^ Whether this apparently proinflammatory response to CETP inhibitors contributed to their disappointing results was not clear before our study. The fact that only patients with the AA genotype at polymorphism rs1967309 both did not increase their CRP level and benefited from improved cardiovascular outcomes when treated with dalcetrapib suggests that differential effects of CETP inhibitors on the inflammatory status likely contribute to their impact on clinical events. Promotion of inflammation may perhaps counterbalance the benefits on clinical outcomes of the increased cellular cholesterol efflux induced by CETP inhibitors.^[@R17]--[@R19]^

Inflammation is also known to negatively impact HDL functions. The cholesterol efflux assay used in our study measures the effect of the patient's serum (and particularly the HDL particles) on efflux from standard J774 macrophages. The genotype-dependent effects on cholesterol efflux observed, therefore, mean that dalcetrapib affected HDL function according to the A/G alleles at rs1967309. Increased level of serum amyloid A in HDL particles impairs their cholesterol efflux capacity.^[@R12]^ Furthermore, patients treated for an extracardiac inflammatory disease like rheumatoid arthritis and who experience reductions in hs-CRP also benefit from a concomitant improvement in cholesterol efflux capacity.^[@R20]^ C-reactive protein has been shown to inhibit efflux of cholesterol from macrophages,^[@R21]^ whereas the expression of ATP-binding cassette transporters ABCA1 and ABCG1 has also been shown to be decreased by chronic inflammation.^[@R22]^ We have shown in this study clear genotype-dependent effects of dalcetrapib on the inflammatory marker hs-CRP, with increases in patients with the GG and AG genotypes but not in those with the AA genotype at rs1967309. In addition, the placebo-adjusted geometric mean percent change in the concentration of hs-CRP appeared to decrease gradually over time during the follow-up in patients with the AA genotype randomly assigned to receive dalcetrapib. Thus, dalcetrapib resulted in the lack of increase in hs-CRP in patients with the AA genotype, unlike those with the GG and AG genotypes at rs1967309. Of note, the hs-CRP level at baseline was lower in patients of the placebo group with the AA genotype.

Systolic blood pressure varied slightly (\<1 mm Hg) between study groups, with a small but not statistically significant increase that appeared to be more consistent at 1 and 3 months in patients with the GG genotype at polymorphism rs1967309 treated with dalcetrapib compared with placebo (Table [6](#T6){ref-type="table"}). Hypertension was reported as an adverse event more frequently in the dalcetrapib group than with placebo both in patients with the GG and AG genotypes, but this was reversed (less hypertension-adverse event with dalcetrapib than placebo) in those with the AA genotype. Diarrhea occurred in 5% to 6% of patients in the placebo group, and in 7.3%, 8.4%, and 9.7% of participants with the GG, AG, and AA genotypes, respectively, in the dalcetrapib group. This apparent genotype-dependent increase could be related to the threefold increase in cholesterol efflux, and, perhaps, associated increased lipid excretion, in dalcetrapib-treated patients with the AA genotype (versus the GG genotype). Nevertheless, diarrhea led to treatment discontinuation in 1.0%, 1.6%, and 2.3% of patients with the 3 genotypes in the dalcetrapib group.

ADCY9 is an isoform of the membrane-bound enzyme adenylate cyclase responsible for the formation of cAMP from ATP.^[@R23]^ Although ADCY9 is known to be regulated by different factors, including β-adrenergic receptor activation, the underlying mechanism linking that gene with cardiovascular responses to dalcetrapib is not yet clear. Interestingly, ADCY9 gene polymorphisms have been shown to affect individual response to inhaled therapy in patients with asthma, another inflammatory disease.^[@R24]^ The basis for the pharmacogenomic interaction between ADCY9 and dalcetrapib effects is being actively investigated. Whether the increased cellular cholesterol efflux induced by dalcetrapib could lead to changes in cholesterol content of cellular membranes, altered adrenergic signaling, and modulated production of cAMP^[@R25]^ and whether such changes could be affected by *ADCY9* gene polymorphisms is not known. Alternative hypotheses include one centered on the effects of the signaling cascade triggered by ADCY9 activation on cholesterol efflux via ADCY9-dependent cAMP production and PKA activation.^[@R26],[@R27]^

rs1967309 is located in intron 2 of the *ADCY9* gene. A meta-analysis has shown that rs1967309 is a cis-acting expression quantitative trait locus for ADCY9 in whole blood samples,^[@R28]^ as reported through the use of HaploReg v4.1.^[@R29]^ ADCY9 has been shown to mediate different functions of immune cells and to modulate inflammatory responses.^[@R30]--[@R32]^ Thus, the differential mRNA expression of ADCY9 in white blood cells (most likely accounting for changes in whole blood) supports the genotype-dependent effects on inflammation responses observed in this study. Given the known interplay of inflammation and HDL functions, the above-described ADCY9 expression data also support the genotype-dependent effects on cholesterol efflux. Other molecular genetic approaches also suggest that rs1967309 is causal for our cholesterol efflux and other observations (unpublished), but further work is ongoing to better understand the mechanisms involved.

In conclusion, genotype-dependent effects on hs-CRP and cholesterol efflux are supportive of dalcetrapib benefits on atherosclerotic cardiovascular outcomes. The large-scale Dal-GenE study (ClinicalTrials.gov identifier NCT02525939) will investigate the efficacy and safety of dalcetrapib selectively in patients with the AA genotype at polymorphism rs1967309 in the *ADCY9* gene.
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CLINICAL PERSPECTIVE
====================

The cholesteryl ester transfer protein inhibitor dalcetrapib effects on cardiovascular outcomes were determined by adenylate cyclase 9 (*ADCY9*) gene polymorphisms in the pharmacogenomic study (n=5749 patients) of dal-OUTCOMES. In patients with genotype AA at rs1967309 in the *ADCY9* gene, there was a 39% reduction in the composite primary cardiovascular end point with dalcetrapib compared with placebo. Supportive results were obtained in the dal-PLAQUE-2 carotid imaging study. In the current study, we determined whether these clinical outcomes and imaging results are associated with concordant changes in reverse cholesterol transport and inflammation. Treatment with dalcetrapib resulted in placebo-adjusted geometric mean percent increases in high-sensitivity C-reactive protein from baseline to end of trial of 18.1% (*P*=0.0009) and 18.7% (*P*=0.00001) in participants with GG and AG genotypes, respectively, but change was −1.0% (*P*=0.89) in those with the protective AA genotype (*P*=0.02 for treatment arm--genotype interaction). Notably, cholesteryl ester transfer protein inhibitors have been shown to paradoxically increase high-sensitivity C-reactive protein when genotypes are not considered. Although the mean change in cholesterol efflux was similar among study arms in patients with GG genotype (mean: 7.8% and 7.4%), increases were 22.3% and 3.5% with dalcetrapib and placebo for those with AA genotype (*P*=0.004). There was a significant genetic effect for change in efflux for dalcetrapib (*P*=0.02), but not with placebo. Genotype-dependent effects on high-sensitivity C-reactive protein and cholesterol efflux are supportive of dalcetrapib benefits on cardiovascular outcomes in patients with the AA genotype at polymorphism rs1967309. A prospective pharmacogenomics-guided clinical trial is being conducted in these responsive patients to allow regulatory review and provide personalized therapy with dalcetrapib.
